Several countries around the world are interested in the valorization of agricultural waste. Olive pomace oil is claimed to be a promising feedstock for biodiesel production. Alkaline transesterification is the most used method for biodiesel production, but the high amount of free fatty acids in feedstock prevents its occurrence. A pretreatment step, which is an acid esterification reaction, is necessary for the reduction of free fatty acids. The main purpose of this work is to optimize experimentally the olive pomace oil esterification using Response Surface Methodology (RSM) combined with the Central Composite Design (CCD). RSM was employed to study the relationships of reaction time, reaction temperature, methanol to oil molar ratio and catalyst concentration on olive pomace oil acidity. RSM predicted optimal conditions for esterification reaction. The oil acidity was reduced from 15 to 0.8 mg KOH g −1 with methanol to oil molar ratio 10.5:1, sulfuric acid 2.5%, reaction temperature 70 °C and reaction time 90 min. The quadratic term of temperature and catalyst concentration were the most significant effects while reaction time was not significant.
Introduction
Mediterranean basin countries are leaders in olive oil production. As shown in Fig. 1 , Tunisia is among the main world producers as Spain, Italy, Greece, Turkey and Syria. The average production of Tunisian olive oil (between 2006 and 2016) amounts to 176,000 tonnes with a minimum of 70 000 tonnes and a maximum of 340,000 tonnes during 2013-2014 and 2014-2015, respectively, according to the National Office of Oil in Tunisia [1] .
By exporting about 75% of its production, Tunisia is now a major player in the world market for olive oil and is becoming the second largest exporter after the European Union with an average of 157,000 tonnes per year during 2011-2016 [2] . In addition to the main product, the olive oil industry is one of the agro-industrial activities that generate a significant amount of by-products which are a solid residue and an aqueous phase formed from the water content of the fruit [3] [4] [5] . According to Barbanera et al. [5] , one hectare of olive tree can produce about 2500 kg of olives, and 100 kg of treated olives leads to 35 kg of olive pomace. Currently, several scientific studies describe the possible applications of olive oil by-products in the fields of bioenergy, biomolecules and agronomy, to take advantage of them [3, 6] . The olive pomace oil, which is extracted from olive pomace using a solvent, is a non-edible inexpensive feedstock. Unlike virgin olive oil, olive pomace oil is characterized by a more neutral flavor, so it is categorized as undesirable and low value material. Moreover, the extraction process, which occurs at high temperatures, may lead to the formation of polycyclic aromatic hydrocarbons, categorized as toxic and carcinogenic compounds. Several authors studied the valorization of the pomace. Olive pomace oil hydrotreating, at moderate temperatures to produce liquid biofuel, might be a viable option for its valorization, reported Pinto et al. [7] . Alrouh et al. [8] studied the production of monoacylglycerols of the fatty acid by direct esterification of olive-pomace oil and glycerol in the presence of acid homogeneous and heterogeneous catalysts. Others investigated its transformation on biodiesel [9] .
Biodiesel is defined by the American Society for Testing and Materials (ASTM) as "A fuel comprised of mono-alkyl esters of long chain fatty acids derived from vegetable oils or animal fats, designated B100" [10] . Biodiesel is typically produced by a reaction of a vegetable oil or animal fat with an alcohol such as methanol or ethanol in the presence of a catalyst to yield mono-alkyl esters and glycerin. "Bio" refers to the biological and renewable source unlike petroleum fuel and "diesel" represents its use in diesel motors or engines [11] . As an alternative fuel, biodiesel can be used pure or in blend with diesel [12] .
95% of biodiesel are previously mainly obtained from edible food crops such as rapeseed, soybean, peanut, sunflower, palm and coconut oil [13, 14] . From the literature, it has been found that feedstock alone accounts for about 75% of the overall biodiesel production cost [15] . Because of their high price and competition between the oil production for nutrition and for energy, edible oils should be replaced by priceless or cheap feedstock like non-edible vegetable oils, waste or recycled oil, animal fats and algae [16] [17] [18] [19] . Additional resources of low-cost feedstock might be waste kernels and seeds from the production of juices, marmalades and jams from various fruits [20, 21] . Olive pomace oil is one of such non-edible oils, which is consumed only, until now in Tunisia, in the soap industry or for production of low quality olive oil blends. Today, transesterification is commonly used for biodiesel production. It is a reaction between triglyceride and an alcohol in presence of a catalyst to form a mixture of fatty acid esters (biodiesel) and a glycerol as a by-product. Alkaline transesterification is not feasible for oils with high amount of free fatty acids. In this case, a pretreatment step is needed. It is an acid catalyzed esterification that transforms FFA to esters. Few researchers investigated the esterification and transesterification of olive pomace oil for biodiesel production. After conducting a thorough literature search on the esterification of vegetable oils, it is obvious that the experimental conditions depend enormously on the acid value of raw material. However, all olive pomace oils found in different regions and countries have not the same acidity, so it is not evident to refer directly to the experimental conditions already defined in previous scientific research. Ouachab and Tsoutsos [22] reduced the olive pomace oil acidity from 53 to 0.61 mg KOH g −1 by the esterification reaction occurring at 40 °C with 20 wt% of sulfuric acid and 35:1 methanol/oil molar ratio. The optimal biodiesel amount of 97.8% was achieved by transesterification at 60 °C in presence of methanol/oil ratio 9:1 during 120 min of reaction time. Che et al. [23] succeeded to reduce the FFA value from 22 to 1.38%, which is slightly higher than the 1% limit needed for alkaline transesterification [24] . The reaction was conducted at 60 °C for 60 min using 0.45 v/v methanol/oil molar ratio and 1% sulfuric acid to oil molar ratio [23] . Lama-Muñoz et al. [25] investigated the production of biodiesel from olive pomace oil extracted from a by-product of processed olives for olive oil extraction called alperujo. The feedstock esterification was occurred at 60 °C for 60 min using 1% of sulfuric acid and methanol to oil molar ratio of 8:1. The maximum conversion biodiesel yield was obtained using methanol to oil molar ratio of 6:1 in presence of 1% of sodium hydroxide at 60 °C and during 80 min. Under these conditions, the highest yield obtained was 95.7% which does not comply with the standard EN 14214. López et al. [26] studied the transesterification of olive pomace oil (0.6 mg KOH g −1 ). The maximum biodiesel yield of 97.72% was obtained using a solution of 1.2% potassium hydroxide and methanol to oil ratio of 8.6:1, at reaction temperature of 60 °C and during 40 min of reaction time. Çaynak et al. [27] studied the addition of organic based manganese to improve the biodiesel properties. For that, he used neutralized olive pomace oil, so the pretreatment step was not needed. For the transesterification, the maximum yield was obtained under optimum experimental conditions: reaction temperature 60 °C, reaction time 60 min, methanol/ oil ratio of 30% and using sodium hydroxide as catalyst.
Thus, the present research aims to model and to study the effects and the interactions of reaction temperature, reaction time, methanol/oil molar ratio and catalyst amount on olive pomace oil acid value using RSM and to define if RSM could be an adequate tool to study the acid oil reduction. Until now, optimization by RSM combined with CCD by applying four independent factors, was not been applied to the reduction of olive pomace oil acid value. 
Materials and Methods

Olive Pomace Oil Characterization
EN ISO 8534 prescribes coulometric Karl Fischer titration for determining the water content in oil. The sample was directly injected in the the Metrohm 756 Karl Fisher Coulometer, with a syringe. The analyzer is controlled by a microcomputer and results are instantly provided by a built-in printer.
The density at 15 °C was determined by EN ISO 3675 method using a glass calibrated hydrometer.
The kinematic viscosity was determined according to EN ISO 3104 test method using a Cannon-Fenske Routine Viscometer immersed in a constant temperature bath (40 °C).
ISO 3657 specifies the method for oil saponification value which is the number of milligrams of potassium hydroxide required for the saponification of 1 g of the sample.
The acid value of the olive pomace oil, which is the most important property in this research before and after esterification, is determined by a titrimetric method according to the official method for the determination of acid value and acidity in vegetable and animal oils and fats according to EN 660: 15 g of the sample are dissolved in 50 mL of ethanol/diethyl ether mixture (1:1) and was titrated with an alcoholic solution of potassium hydroxide (0.1 mol L −1 ) in presence of phenolphtaleine. The acid value and the acidity are expressed in mg KOH/g of oil and in % of oleic acid, respectively. They are calculated following Eq. (1) and (2) [24] :
where V is the Volume of potassium hydroxide used in titration (mL), C is the Concentration of potassium hydroxide used in titration (mol L −1 ), M is the Molar mass of potassium hydroxyde (56.1 g mol −1 ), m is the weight of oil sample (g) where V is the Volume of potassium hydroxide used in titration (mL), C is the Concentration of potassium hydroxide used in titration (mol L −1 ), M is the Molar mass of oleic acid (282 g mol −1 ), m is the weight of oil sample (g) The measure of free acidity is primary because the basic transesterification is affected by free fatty acids which can react with the base catalyst (KOH) to form soaps, decreasing biodiesel yield and making more difficult the separation of glycerol. Olive pomace oil had an initial acid value of 15 mg KOH g −1 corresponding to 7.5%, which does not
meet the 1% of FFA (2 mg KOH g −1 ) limit of the conversion by alkaline transesterification reaction [24] .
Acid Esterification
The esterification was performed into a three-necked round bottom flask equipped with a reflux condenser in one neck and with a thermometer in the other one. The third neck was used for chemical addition and taking samples. First of all, 50 g of olive pomace oil was poured into the flask and heated to the reaction temperature. At that time, the solution of sulfuric acid (based on the oil weight) in methanol was added. Stirring was kept constant for all runs. Once the reaction was complete, the mixture was poured and allowed to settle in a separating funnel for at least 24 h. The methanol in the lower layer was recovered at 50 °C with a rotational evaporator. After that, the lower layer was washed four times (NaCl is added for the first one) with distilled water heated at 80 °C and finally dried with anhydrous sodium sulphate (Na 2 SO 4 ) to eliminate water. All the described steps are shown in Fig. 2. 
Experimental Design
Statgraphics
© centurion XVII was used to perform the statistical analysis of the oil conversion to achieve the optimum values. The effects of four independent variables selected to optimize the oil acidity reduction (reaction temperature, reaction time, methanol/oil molar ratio and catalyst concentration) on the response (oil acid values), were studied. The study was performed with response surface methodology using a five-level and four-factor central composite design. Table 1 lists the experimental range and factor level for the complete design matrix of olive pomace oil acid value. Twenty-eight runs were required, including full 4 2 factorial design, eight axial points and four center points. According to the literature, a transesterification reaction occurs only if the oil acid value does not exceed 2 mg KOH g −1 . The responses (acid values) will be compared to this limit.
Multiple regression analysis using the method of least squares was employed to establish the quadratic model defined by Eq (3).
where Y is the response (oil acid value), A, B, C and D are the coded input factors. β 0 is the intercept term, β 1, β 2 , β 3 , β 4 are the linear coefficients, β 12 , β 13 
Results and Discussion
Olive Pomace Oil Characterization
Acid value, density at 15 °C, kinematic viscosity at 40 °C and water content of olive pomace oil were determined and given in Table 2 . Analysis of variance (ANOVA) was used to check the adequacy of the model equation and to estimate the effect of the independent factors (temperature, reaction time, methanol/oil molar ratio and catalyst concentration) on esterification process efficiency. The confidence has been considered at 95%. The quality of fit for the model can be evaluated from the high values of the R-squared (R 2 = 96.58%) and the adjusted R-squared (R 2 = 92.9%). As shown in Table 4 , the F-value (25.35) is much higher than the tabulated F-value (F 0.05,14,13 = 2.55) and the p-value is less than 0.05. The results indicate that the model is adequate for giving good predictions on the pomace olive oil acid value at high confidence level of 95%. Moreover, p-value less than 0.05 of each model term indicates its significance. In this instance, time (B), second order-interactions (CD and AC) and quadratic term of catalyst (D 2 ) can be considered as factors that are not statistically significant.
Statistical analysis
The parity plot shown in Fig. 3 presents a good correlation between experimental values of the response (on the vertical axis) and predicted values (on the horizontal axis). This result indicates that the model fits well.
The Pareto chart illustrated in Fig. 4 shows the effects of A, B, C, D, their quadratic terms and their interactions. It is obvious that the most significant effects for the acid value are the quadratic term of reaction temperature (A 2 ) and the concentration of acid catalyst (D). Second-order interactions (BD, BC, AB and AD), quadratic terms of methanol/oil ratio and time (C 2 and B 2 , respectively) and methanol/oil molar ratio (C) have less impact on process efficiency, while the other terms are insignificant.
Using the multiple regression coefficients determined from the results of ANOVA, the predicted second-order polynomial equation for oil esterification conducted at 5% level of significance (p < 0.05) is given by Eq (4). 
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The fitted quadratic polynomial model was plotted as contour plot and surface response, as given in Figs. 5 and 6 respectively, representing the olive pomace oil acid value. Two independent factors were varied each time and the two others were kept at zero level.
Figures 5a and 6a depicted the interaction effect between reaction time and reaction temperature using methanol to oil molar ratio of 10.5:1 and 1.5 wt% of catalyst amount on free fatty acid content. The increase of reaction time had not a significant effect on the acidity reduction at low reaction temperature level. The reduction of acid value was favored at an intermediate level of temperature (70 °C) and time (90 min). Occurring esterification reaction at a high reaction time and temperature should be avoided since it might lead to hydrolysis reaction, which is consistent with the results found by Tiwari et al. [28] .
In the presence of 1.5 wt% of catalyst and during 90 min of reaction time, the interaction of methanol/oil molar ratio and reaction temperature on oil acidity could be observed in Figs. 5b and 6b . The circular appearance of the contour plot (Fig. 5b) showed the absence of significant interaction effect between the two factors. The oil acid value decreased to the minimum value and then increased at a high level reaction temperature regardless of methanol/oil ratio amount (Fig. 6b) . The effect of catalyst and reaction temperature in the presence of methanol to oil molar ratio of 10.5:1 and during 90 min of reaction time on acid value was shown in Figs. 5c and Fig. 6c . At low temperature, the influence in increasing the catalyst amount was substantial. Acidity decreases with increase of catalyst concentration, as confirmed by Kostić et al. [29] and Marchetti and Errazu [30] . The oil value achieved 2 mg KOH g −1 in the high catalyst amount at only 50 °C. From low to high level of catalyst amount, the increase of reaction temperature greatly reduced the acid value, but it showed a negative effect beyond over 78 °C by increasing the free fatty acid amount.
Figures 5d and 6d illustrated the interaction of reaction time and methanol/oil molar ratio occurring at 70 °C with 1.5 wt% of catalyst. At high methanol/oil level, the decrease in acidity progressed rapidly during the first 20 min showing a reduction of acid value from 15 to 1.5 mg KOH g −1 , and then the reduction became gradual (Fig. 5d ). This might be due to the production of water with increasing time during the esterification of free fatty acids, which prevented further reaction. This result complied with that found by Che et al. [15] . Beyond 100 min and for a high methanol/oil molar ratio, an increase in the acid value was observed (Fig. 6d) .
Interaction between reaction time and amount of catalyst at 70 °C using a methanol/oil molar ratio of 10.5:1 are given in Fig. 5e and Fig. 6e . It was observed that minimum acid values were obtained for the high catalyst amount due to the fact that it was among the most significant factors (Fig. 5e) . Rising reaction time beyond over 80 min increased the acid value as depicted in Fig. 6e . This might be due to the effect of hydrolysis reaction. Thus, time was not to be found as significant effect.
Figures 5f and 6f depicted the effect of the interactions between catalyst amount and methanol/oil molar ratio at 70 °C during reaction time of 90 min. Regardless of the methanol/oil molar ratio, the minimum acid oil value was obtained from the intermediate to high level of catalyst amount. Thus, the interaction between those effects was insignificant.
For acid value optimization, the overall average optimized conditions, obtained through the software, are as follows: reaction temperature 70.3 °C, reaction time 42.87 min, methanol/oil ratio 11.54 and catalyst amount 2.5 wt%. Under those optimum conditions, the model predicts that the minimum olive pomace oil acid value that can be obtained is 0.4 mg KOH g −1 .
Conclusions
It can be concluded that RSM was successfully applied for olive pomace oil esterification since the model obtained, from statistical analysis, fitted well and was accurate and reliable to predict pomace oil acid value after acid catalyzed esterification. Esterification reaction can be occurred in the presence of high amount of catalyst at an intermediate reaction time and temperature with low methanol/oil ratio, to achieve minimum oil acid value. Olive pomace oil acidity was reduced from 15 to 0.8 mg KOH g −1 . The amount of catalyst had the highest effect on esterification after the quadratic effect of temperature, according to ANOVA test.
From now on, researchers working on olive pomace oil pretreatment or on other type of oils with almost the same acid value could directly rely on recommended optimal experimental conditions defined by RSM to reduce the oil acid value.
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